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INTRODUCTION
The ends of eukaryotic chromosomes, telomeres, are composed of a tandem array of short repeat DNA, (TTAGGG) n in vertebrates, which is bound by an evolutionary conserved DNA-binding protein complex named shelterin. The primary function of shelterin is to protect telomeres from the aberrant activation of the DNA damage response. Without the protective function of shelterin, chromosome-ends are degraded, leading to checkpoint activation, irreversible growth arrest, and ultimately, apoptosis. Therefore, the binding of shelterin to telomeric DNA is a universal process in eukaryotic cells, the so-called protective cap of chromosomes (Palm and de Lange, 2008) .
Meiosis is a specialized cell division for gametogenesis in which haploid cells are produced through two successive rounds of cell divisions following a single round of DNA replication. Errors in meiosis are a leading cause of human disease, such as congenital birth defects and miscarriages (Hassold and Hunt, 2001) . During meiotic prophase I, cells establish associations between homologous chromosomes (homologs) to exchange their genetic codes and, more crucially, to correctly divide the homologs in the following cell division steps. To this end, chromosomes are tethered to the inner nuclear membrane (INM) through telomeres (or, as an exception, pairing centers in nematodes) and move along the INM throughout prophase I. At the INM, telomeres associate with the transmembrane linker of nucleoskeleton and cytoskeleton (LINC)-complex, which is composed of SUN-KASH domain proteins. The SUN domain protein interacts with telomeres at the INM, whereas the KASH domain protein interacts with cytoplasmic motors at the outer nuclear membrane (ONM). This transmembrane-linkage transduces cytoskeletal forces to telomeres and drives chromosome movements (Hiraoka and Dernburg, 2009; Link et al., 2015; Starr and Fridolfsson, 2010) . The chromosome movement not only gathers the correct homologs together, but also resolves unwanted entanglements between non-homologs, ensuring the correct homolog pairing and recombination (Koszul and Kleckner, 2009; Storlazzi et al., 2010) .
While telomeres build the chromosome movement apparatus during meiotic prophase I (Shibuya and Watanabe, 2014) , the underlying molecular architecture remains largely elusive. Accumulating evidences suggest that meiotic telomeres are decorated with the shelterin complex as telomeres in somatic cells Siderakis and Tarsounas, 2007) and the ''linker'' proteins, Bqt1/2 (fission yeast), Ndj1 (budding yeast), and TERB1 (mammals) connect shelterin with the LINC-complex (Chikashige et al., 2006; Chua and Roeder, 1997; Conrad et al., 1997 Conrad et al., , 2008 Scherthan et al., 2007; Shibuya et al., 2014a; TrellesSticken et al., 2000) .
At the same time, there have been several findings suggestive of fundamental structural reformations taking place at meiotic telomeres in higher eukaryotes. Early electron microscopic (EM) observations in rodent and human spermatocytes recognized a characteristic chromosome-INM fusion structure, termed the telomere attachment plate (Alsheimer et al., 1999; Esponda and Gimé nez-Martin, 1972; Holm and Rasmussen, 1977; Woollam et al., 1967) . EM in situ hybridization assays using murine spermatocytes revealed that telomeric DNA is embedded in the attachment plate (Liebe et al., 2004) , suggesting that telomeric DNA might be compacted and physically integrated into the lipid bilayer. However, the proteinaceous or membranous elements comprising the structures remain to be discovered.
In this study, we have identified meiosis-specific telomere and INM-binding proteins, telomere repeat-binding bouquet formation protein 2 (TERB2) and membrane-anchored junction protein (MAJIN), which form a complex with TERB1. TERB1/2-MAJIN establishes telomere attachment to the INM by taking over the telomeric DNA from shelterin and, concomitantly, develops the telomere attachment plate. Our results highlight elaborate molecular cross-communications between the lipid bilayer and chromatin and offer a plausible mechanism by which the transmembrane DNA binding protein dictates telomere-INM fusion.
RESULTS

Identification of MAJIN and TERB2
To identify proteins that construct the membrane-integrated telomere structures in meiosis, we analyzed TERB1 immunoprecipitates from mouse testis extracts by a mass spectrometry (Figures S1A and S1B) . Among the proteins identified, we found two uncharacterized proteins, coded by 1700123I01Rik and 4933406J08Rik, which were expressed specifically in germline tissues ( Figure 1A ). Their GFP-fusion proteins localized to the meiotic telomeres when expressed in live-mouse testes (Figure 1B) . Notably, GFP-1700123I01RIK showed additional localization on the whole nuclear envelope ( Figure 1B ). Both proteins are widely conserved in vertebrate species ( Figure S1C ). We named these proteins MAJIN (membrane-anchored junction protein, 1700123I01Rik) and TERB2 (telomere repeat-binding bouquet formation protein 2, 4933406J08Rik). Yeast two-hybrid analyses detected interactions between MAJIN and TERB2 and also between TERB2 and TERB1 ( Figures 1C and S1D , summarized in 1D). Further, immunoblotting the TERB1 immunoprecipitates indicated that TERB1 forms a complex with MAJIN and TERB2 in vivo ( Figure 1E ). Consistently, both endogenous MAJIN and TERB2 localize to meiotic telomeres throughout prophase I and disappear in metaphase I ( Figures 1F and S1E ), as does TERB1 (Shibuya et al., 2014a) , leading to the conclusion that MAJIN and TERB2 are meiotic telomere-associating proteins. Figures  2C and S2E ). The number of TRF1 foci remained large in mutant spermatocytes, implying that homolog pairing was largely impaired also at the telomeric regions ( Figure 2D ). Since the accumulation of meiotic LINC-complex, SUN1-KASH5, to the telomere attachment site is required for meiotic chromosome movement and subsequent homolog pairing and synapsis (Ding et al., 2007; Horn et al., 2013) , we suspected that this process is disturbed in the absence of MAJIN-TERB2. In fact, SUN1-KASH5 no longer accumulated at telomeres, but rather aggregated to the nuclear surface near the centrosome in mutant spermatocytes (Figures 2E and S2F) . These aggregations were no longer detectable after detergent treatment, suggesting that SUN1-KASH5 loses its tight association with chromatin ( Figure S2G ). Time-lapse observations of live-spermatocytes revealed an almost complete cessation of rapid-chromosome movement in Majin À/À and Terb2 À/À spermatocytes ( Figure 2F ) as we observed previously in Terb1 À/À and Sun1
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spermatocytes (Shibuya et al., 2014a (Figure 2 ) (Shibuya et al., 2014a) , and they form a complex in vivo (Figures 1 and S1 ), they might function in cooperation at meiotic telomeres. To explore the relationships among TERB1, TERB2, and MAJIN, we inspected their localization hierarchy at meiotic telomeres in each mutant testis. In wild-type leptotene spermatocytes, telomeres are only partly localized at the nuclear periphery, and TERB1, TERB2, and MAJIN accumulated only to those telomeres, but not telomeres at the nuclear internal domain ( Figure 3A) . Strikingly, these membrane-oriented assemblies were disturbed in Majin À/À , leading to uniform distributions of TERB1 and TERB2 at telomeres, including internal ones ( Figure 3A ). In contrast, in Terb1 À/À , both TERB2 and MAJIN were completely absent from telomeres (from both peripheral and internal domains) ( Figure 3A ) and localized to the entire INM, which can be detected by a sensitive assay using GFP-fusion protein expression ( Figure 3B ). These results suggest that there are two distinct localization-dependent assembly mechanisms, the membrane-oriented one exerted by MAJIN and the telomere-oriented one exerted by TERB1 ( Figure 3C ). TERB2 shows a versatile nature, as it localized at all telomeres in Majin À/À and on the entire INM in Terb1
( Figures 3A and 3B) , consistent with the fact that TERB2 interacts with both TERB1 and MAJIN ( Figures 1C, 1D , and S1D). Considering that TERB1, TERB2, and MAJIN are rarely detectable at yet-unattached telomeres in the physiological assembly process ( Figure 3A ; internal telomeres in wild-type leptotene spermatocytes), the membrane-oriented assembly is likely dominant, rather than the telomere-oriented one, leading to the sequestration of preassembled TERB1-TERB2-MAJIN complex on the INM ( Figure 3C ). Indeed, the membrane-sequestered complex became obvious when the proteins were overexpressed in wild-type spermatocytes ( Figure 3D ). In HeLa cells, in which the meiotic program is absent, ectopically expressed GFP or HA-MAJIN distributed on the entire INM in a manner dependent on its C terminus putative transmembrane (TM) domain ( Figures S3A-S3C than the other mutants, although they all arrested at the zygotene stage ( Figure 3G ).
To examine the telomere attachment status in these mutants, we investigated the ultrastructures of meiotic telomeres by electron microscopy (EM). The EM images of meiotic telomeres in wild-type spermatocytes show the electron-dense conical thickenings of synapsed LEs and a capping structure attached to the INM ( Figures 3H and S4 ) (Liebe et al., 2004) . These structures were completely absent, even at the ends of synapsed LEs near the INM, in Terb1
, and Majin
, while preserved in Sun1 À/À spermatocytes ( Figure 3H ) (Link et al., 2014) . Notably, in Majin
, the capping structure was preserved although dissociated from the INM. In contrast, in Terb1 À/À and
Terb2
À/À , the capping structure was largely disrupted, but the conical thickenings of the LEs were partly preserved, especially in Terb2
, without INM attachment ( Figure 3H ). These various . TUNEL stainings are shown in Figure S2D .
(legend continued on next page) structural defects may reflect the hierarchical protein assembly states at telomeres in these mutants ( Figure 3C ). Taken together, these results indicate that the meiotic factors TERB1/2-MAJIN play a crucial role in positioning meiotic telomeres onto the INM and in constructing the attachment plate in a manner independent of SUN1-KASH5.
TRF1 and TERB1/2-MAJIN Form a Tetrameric Complex
The foregoing results suggest that TERB1/2 is sequestered to the INM by the membrane protein MAJIN and accumulates at telomeres only when telomeres relocate to the nuclear periphery in meiotic entry (Figures 3A and 4A) . Because TERB1 binds directly to the shelterin core component TRF1 (Shibuya et al., 2014a) and forms a 1:1 stoichiometric heterodimer even in the presence of accessory TERB2 binding ( Figures S5A-S5D ), we assumed that this molecular interaction might be a crucial step for telomere attachment to the INM. To reconstitute the telomere attachment process in vitro, we purified the HIS-TERB1 , lanes 3-6, and S5E). The DNA-binding of the tetrameric complex is telomere-DNA-specific and depends largely on the TRF1 MYB-domain (Figures S5F and S5G) . Notably, DNA binding of the TRF1 homodimer alone is not detectable with the excess amount of tripartite complex, indicating that the tetrameric complex formation occurs very efficiently. We argue that this highly efficient complex conversion form the canonical TRF1 homodimer to the chimeric complex with TERB1/2-MAJIN might be a key mechanism of telomere (TRF1) attachment to the INM. Notably, MAJIN has a basic cluster (isoelectric points [PI] = 10) adjacent to the C terminus TM domain ( Figure 4D , shown in red), a common feature of transmembrane DNA-binding proteins (Ulbert et al., 2006) , and has DNA-binding activity that is not sequence-specific in vitro (Figures 4E and 4F Figure 4G ). Thus, we conclude that MAJIN has DNA-binding activity on its own that is important for the stabilization of telomere attachment on the INM.
The Telomere Cap Exchange Zoom-in views of meiotic telomeres revealed that TERB1/2-MAJIN colocalizes with TRF1 on the INM in zygotene ( Figure 4A ), consistent with their in vitro nature to form a stable tetrameric complex ( Figure S5E ). In pachytene, however, TRF1 signals are dissociated from the TERB1/2-MAJIN region and distributed in the surrounding area to form a ring-shaped structure ( Figure 5A ). Importantly, other shelterin components, TRF2, TIN2, GFP-RAP1, GFP-TPP1, and GFP-POT1A, also behave like TRF1 ( Figure 5B ). Experiments combining immunofluorescence with in situ hybridization (FISH) for telomeric DNA demonstrated that telomeric DNA signals co-localize with the TERB1/2-MAJIN complex rather than the shelterin ring structure, implying that shelterin is largely dissociated from the telomeric DNA (Figure 5C ) (see Discussion). We refer to this phenomenon as the telomere cap exchange, since the majority of telomeric DNA is handed over from the canonical shelterin to the membranebound TERB1/2-MAJIN complex. The cap exchange is not an artifact caused by the cell-spread procedures since it was detectable even in structurally preserved nuclei ( Figure S6B ). Further, it is not due to differences in antibody accessibility, since the immunofluorescence signal of GFP-TRF1 detected by a GFP-antibody also showed the ring-shaped structure, while GFP-TERB1 was localized to the center of the endogenous TRF1-rings ( Figures S6C and S6D ). Collectively, these data demonstrate that the canonical shelterin is largely dissociated from the meiotic telomere complex after priming TERB1/2-MAJIN on the telomeric DNA. 
CDK Activity Triggers Telomere Cap Exchange
Since the expressions of M phase cyclin and cyclin-dependent kinase (CDK) rise during prophase progression (Godet et al., 2000; Wolgemuth et al., 2013) , we wondered whether CDK activity might be involved in the regulation of the cap exchange.
To examine this possibility, we pulse-treated wild-type spermatocytes with a CDK inhibitor, Roscovitine, and examined their telomere structures. Strikingly, the characteristic ring-shaped TRF1 signals in pachytene were totally abolished after the Roscovitine treatment; instead TRF1 appeared as a pair of punctate signals, likely corresponding to the synapsed homologous telomeres ( Figures 5D and 5G) . The punctate TRF1 signals that appeared after the Roscovitine treatment colocalized with MAJIN ( Figure 5D ), suggesting that the cap exchange is abolished after CDK inhibition. One candidate substrate of CDK involved in the cap exchange is the threonine 647 (T647) in TERB1, an evolutionary conserved consensus site for CDK, since our previous study demonstrated that the TRF1-TERB1 interaction is reduced by the phosphomimetic mutation of T647 in TERB1 (Shibuya et al., 2014a) . To examine the in vivo phosphorylation, we raised a phosphospecific antibody against TERB1-pT647 (pT647) ( Figure 5E ). Immunostaining of spermatocytes with the antibody demonstrated punctate signals at meiotic telomeres, and the signal strength increased during prophase progression ( Figure 5F ). We confirmed that the signals were derived from TERB1, since they were detected at membrane-anchored telomeres in wildtype but not in Terb1 À/À ( Figures S6E and S6F) . Accordingly, pachytene-spermatocytes treated with Roscovitine showed severely diminished pT647 signals ( Figure 5G ). Therefore, we conclude that TERB1-T647 is phosphorylated by CDK in vivo, especially in late prophase when the cap exchange is prominent. Notably, the TERB1 T647A mutant exhibited telomere attachment defects when expressed in Terb1 À/À spermatocytes ( Figure 5H ), even though the protein itself has the abilities to form a priming chimeric complex ( Figure S5J ) and to localize to telomeres at the INM, similar to wild-type protein ( Figure 5H ). Despite the defect in telomere attachment, Terb1 À/À spermatocytes expressing the TERB1 T647A mutant finally exhibited the cap exchange when the spermatocytes had progressed to the pachytene-like stage ( Figure 5I ). Thus, phosphorylation on TERB1-T647 is important for the stabilization of telomere attach- Figure 5J ). Therefore, in addition to the activation of CDK, the direct tethering of DNA to the INM by MAJIN is necessary to achieve the cap exchange reaction (see Discussion).
Incipient Chromosome Movement Promotes the Telomere Attachment
It remains unexplained why a substantial number of telomeres are detached from the INM in Sun1
, despite the fact that an intact attachment plate is formed in this mutant ( Figures 3E-3H ) (Ding et al., 2007; Link et al., 2014) . Because chromosome movements are absent in Sun1
we speculated that chromosome movement might influence telomere attachment. To address this issue, we utilized a testis organ-culture system (Sato et al., 2013) , in which meiotic progression can be monitored for several days in vitro. Microtubule (MT)-dependent chromosome movements were disrupted by addition of the MT-depolymerizing drug, nocodazole, to the culture medium ( Figure 6A ) (Lee et al., 2015; Morimoto et al., 2012; Shibuya et al., 2014b) . We cultured testes from wild-type juvenile male with EdU for 3.5 days. EdU incorporation can distinguish cells that have progressed through pre-meiotic S phase during the time in culture ( Figure 6A ). As a result, cells cultured in the presence of nocodazole rarely accomplished homolog synapsis, while cells cultured without nocodazole did ( Figure 6B ). This result is consistent with the previously established notion that the MT-dependent chromosome movement is required for homolog association during meiotic prophase I. Further, to our surprise, there were prominent telomere attachment defects in EdU-positive zygotene cells cultured with nocodazole (14 ± 4.1 internal telomeres/cell), while the defects were far less pronounced in EdU-negative cells cultured with nocodazole (2 ± 4.3 internal telomeres/cell) ( Figure 6C ). These results suggest that MT function is needed for faithful telomere attachment to the INM during pre-meiotic S phase, when telomere relocation usually takes place (Pfeifer et al., 2001) . We confirmed that the accumulations of TERB1/2-MAJIN and even SUN1 are entirely intact at peripheral telomeres in these cultured cells ( Figure 6D ). Of note, similar attachment defects are observed in Sun1 À/À , in which MT polymerization is intact but chromosome movement is impaired (Ding et al., 2007; Shibuya et al., 2014a Shibuya et al., , 2014b . Taken together, these results suggest that the MT-dependent chromosome movement promotes the initial telomere association with the nuclear periphery, probably by increasing the liquidity within the nucleus (see Discussion).
DISCUSSION
Rapid-chromosome movement along the nuclear envelope is an evolutionary conserved meiotic process essential for pairing and recombination of the homologous chromosomes. Hence, a key goal of meiosis research has been to define the regulatory mechanism that takes place at meiotic telomeres to develop the movement apparatus. In this study, we identified factors responsible for telomere attachment to the INM in mammalian meiosis and uncovered the underlying hierarchical molecular mechanisms. The key player is the membrane-associated junction protein MAJIN, named also after a Japanese word representing the ''Genie in Aladdin's Lamp.'' MAJIN behaves as a membrane protein and sequesters telomere adaptors TERB1/2 to the INM. Once telomeres access the nuclear periphery during meiotic entry, MAJIN dynamically relocalizes to telomeres on the INM and stabilizes the attachment through a number of ingenious strategies.
A Transmembrane DNA-Binding Protein MAJIN MAJIN stabilizes telomere attachment partly through its own DNA-binding activity, which maps adjacent to the TM-domain ( Figures 4D-4F) . The presence of a basic segment near the TM-domain is the common feature of the transmembrane DNA-binding proteins, although its physiological significance has been rarely addressed (most believe it to be involved in transcriptional regulation or nuclear envelope reassembly after mitosis) (Ulbert et al., 2006) . Our analyses show that a mutation in the DNA-binding domain of MAJIN impairs its DNA binding activity and in vivo function in tethering telomeres to the INM. Our data suggest that the DNA-binding activity of MAJIN is relatively weak compared to that of TRF1 ($1/100 that of TRF1) and not specific for the telomere repeat sequence ( Figure 4F ). We, therefore, reason that the incipient telomere attachment is mediated primarily by the protein-protein interaction between TERB1 and TRF1, and the interaction of MAJIN with the telomeric DNA may develop after the priming attachment, establishing direct linkage between telomeric DNA and the lipid bilayer.
Notably, an analogous regulatory mechanism has been reported in fission yeast, in which a ubiquitous INM protein complex Bqt3/4 associates with a shelterin protein Rap1 and tethers telomeres to the nuclear periphery. This Bqt3/4-mediated telomere-INM interaction is maintained in vegetative cells and becomes a prerequisite for the recruitment of the SUN-KASH complex in meiosis (Chikashige et al., 2009) . Although their overall amino acid sequences are diverged, both Bqt4 and MAJIN have a single TM-segment on their extreme C termini, which is a hallmark of tail-anchored proteins. Moreover, Bqt4 has a helix-turn-helix motif, a putative DNA-binding domain. The basic cluster in MAJIN is also predicted to compose a helix-turn-helix motif, and residues mutated in our DNA-binding defective mutant reside in the second helix, known to function in a direct DNA binding (NPS server; https://npsa-prabi.ibcp.fr/). Therefore, we propose that MAJIN could be an evolutionary relative of fission yeast Bqt4 and specified for meiotic telomere-INM attachment in vertebrates.
The Telomere Cap Exchange
Our analyses indicate that after the establishment of priming attachment, the cap exchange takes place depending on CDK activity, which increases gradually throughout prophase. TERB1-T647 is a substrate of CDK, the phosphorylation of which reduces the binding affinity between TERB1 and TRF1, and thus might facilitate release of TRF1 from the priming chimeric complex. However, there might be another CDK target sufficient for the cap exchange since the TERB1-T647A mutant does not prevent the cap exchange. Further, not only TRF1 but whole shelterin complex is displaced from telomeres at the time of cap exchange ( Figure 5B ), suggesting that there must be regulations beyond the resolution of TRF1-TERB1, such as the direct phosphorylations of TRF1 and TRF2 as observed in mitosis (Hayashi et al., 2012; McKerlie and Zhu, 2011) . Crucially, the MAJIN-mediated association between DNA and the membrane is essential for triggering the cap exchange in addition to the CDK activation. Taken together, it is tenable that the electrostatic repulsion, at the hydrophobic environment very close to the lipid bilayer, may drive the shelterin away from the membrane-attached telomeres, especially when the affinity between shelterin and telomeric-DNA is diminished by CDK activity.
Because the binding of shelterin to telomeric DNA is constitutively required to prevent the DNA-damage-response at telomeres (Palm and de Lange, 2008) , the cap exchange is quite a surprising phenomenon on its own. It is possible that the TERB1/2-MAJIN complex overcomes the requirement of the canonical protective function of shelterin by limiting the accessibility of damage-response proteins in the hydrophobic environment at the lipid bilayer. Notably, although shelterin is largely dissociated from the region stained by telomeric FISH after the cap exchange, it still remains at the proximal region forming a ring-shaped structure ( Figure 5C ). These shelterin pools after the cap exchange may be maintained in preparation for their rapid returns to the telomeric DNA after prophase I or, more actively, to act as a structural element reinforcing the telomere attachment plate. Otherwise, the shelterin ring would have distinct functions, such as the canonical repressive roles against the activation of the DNA damage response or in the development of the telomere extension machineries, which takes place during gametogenesis (Siderakis and Tarsounas, 2007; Thilagavathi et al., 2013) . Future studies will address these newly arising questions.
An Attachment and Movement Are Mechanically Distinct Processes but Are Coordinated via Feedback
The SUN-KASH transmembrane complex is a conserved key regulator of the meiotic chromosome movement, a prerequisite for homolog pairing and recombination in various eukaryotic species. It is widely believed that the SUN-KASH complex mediates both the attachment and movement of meiotic telomeres (Link et al., 2015) , because mutations in SUN-KASH cause significant defects in both pathways in some organisms, including budding yeast and mammals (Bupp et al., 2007; Ding et al., 2007; Horn et al., 2013; Schober et al., 2009 ). However, telomere attachment to the INM might be achieved by alternative molecular mechanisms beyond the SUN-KASH complex, as proposed for the fission yeast membrane proteins Bqt3/4 and budding yeast Esc1 (Chikashige et al., 2009; Mekhail and Moazed, 2010) . That is also the case in nematode meiosis, where mutations in the SUN-domain protein impair the movements of pairing centers (corresponding to telomeres), but their attachments to the INM are perfectly maintained by unknown regulatory mechanisms ). Our present study revealed that the attachment and movement of meiotic telomeres are separately regulated by two distinct meiosis-specific transmembrane complexes, TERB1/2-MAJIN and SUN1-KASH5, in mammals. Our analyses reveal that the suppression of incipient telomere movement by MT-depolymerization significantly reduces the efficiency of telomere attachment as seen in Sun1 À/À , while some telomeres are perfectly attached to the INM depending on TERB1/2-MAJIN. Thus, the incipient telomere attachment and movement might be initiated at telomeres that stochastically locate near the INM, possibly with the support of preceding movement of heterochromatin to the nuclear periphery (Scherthan et al., 2014) . Because chromosomes are highly entangled in early prophase (Koszul and Kleckner, 2009; Storlazzi et al., 2010) , the incipient telomere movement might facilitate the overall chromosome motion within the nucleus, including the movements of yet-unattached chromosomes, and promote their attachments. Thus, our study reveals the coordinated feedback regulation between telomere attachment and chromosome movement ( Figure 7 ). Meiosis-Specific Reformation of the INM Our identification and characterization of the meiosis-specific nuclear membrane complex, TERB2-MAJIN, highlight the elaborate cross regulations between the meiotic nuclear envelope and telomeres. Previous studies in mice also hinted at the drastic reformations of INM proteins taking place specifically in meiosis, such as the expression of meiosis-specific short isoform of lamina protein, lamin C2 (Alsheimer et al., 1999; Jahn et al., 2010; Link et al., 2013) , and the reorganization of nuclear pore complex , which may influence the telomere mobility within the INM. Further, the redistribution of SUN1 from the whole INM to the telomere attachment sites requires the meiosis-specific phospho-modifications on its N terminus domain, that are mediated possibly by CDK2 in mammals (Martinerie et al., 2014; Viera et al., 2015) , as do CHK2 and PLK2 in nematode (Harper et al., 2011; Labella et al., 2011; MacQueen and Villeneuve, 2001; Penkner et al., 2009) . Thus, emerging evidences indicate that there are extensive protein networks that lie underneath the INM of the nuclear envelope in meiosis. The future goals in this field will be to identify factors involved in the INM network and understand the interplay between them. Such studies will provide an important clue to solve the issues of human infertility and a wide range of diseases related to the INM dysfunction (Mé jat and Misteli, 2010) .
EXPERIMENTAL PROCEDURES
Detailed methods are described in the Supplemental Experimental Procedures. 
Animal Experiments
Knockout mice for Sun1 and Terb1 were reported earlier (Ding et al., 2007; Shibuya et al., 2014a) . All knockout mice were congenic with the C57BL/6J background. Animal experiments were approved by the Institutional Animal Care and Use Committee (approval 2711).
Electrophoretic Mobility Shift Assay and In Vitro Phosphorylation Assay
To prepare the DNA probes, EcoRI/NotI fragments containing six or nine telomere repeats (TTAGGG) or scrambled repeats (GATGGT) were radio-labeled with [a-32 P] dCTP by Klenow enzyme. Proteins were mixed with 0.5 ng of labeled probes for one reaction in binding buffer (20 mM HEPES-KOH [pH7.9], 5% glycerol, 4% Ficoll, 0.5 mg poly[dI-dC], 4 mM DTT, 100 mM NaCl, 1 mM MgCl 2 , 0.1 mM EDTA) and electrophoresed in a 5% nondenaturing polyacrylamide gel in 0.53 Tris-borate-EDTA (TBE) at room temperature (RT). For in vitro phosphorylation, 1 ml of 100 mM ATP and 1 ml of recombinant cyclin B-CDK1 complex (NEB; P6020L) were incubated with the substrate proteins at 30 C for 1 hr.
Gel Filtration
Gel filtration was conducted on an ENrich SEC 650 column (Bio-Rad) in a buffer containing 600 mM NaCl, 0.1% NP-40, and 20 mM Tris-KCl (pH7.5).
Fractions (500 ml) were collected. The peaks generated by the Gel Filtration Standard (Bio-Rad; #151-1901) are marked in each figure.
Testis Organ Culture Testis organ culture was performed based on the previous study with some modifications (Sato et al., 2013) . Briefly, testes from 9 days post-partum (dpp) male mice were chopped into three to four pieces 1-3 mm in diameter with forceps and placed on the agarose gels soaked in the organ culture medium, 23 DMEM (Sigma). To label cells progressing to pre-meiotic S phase during organ culture, 2 mM of EdU (Life Technologies; C10340) was supplied to the medium. To suppress microtubule-dependent chromosome movements, 5 mM of nocodazole (or the same volume of DMSO as a control) were supplied. After 3.5 days in culture, cells were collected from the organ and subjected to the EdU labeling and immunostaining.
Immuno-FISH Assay
Immuno-FISH assay was carried out based on a previous study (Ding et al., 2007) . In brief, spermatocyte spreads were treated with RNase A (100 mg/ml) at 37 C for 30 min in 23 saline sodium citrate (SSC), denatured at 85 C for 10 min with fluorescein isothiocyanate (FITC)-labeled TelC (CCCTAA) 3 PNA probe (Panagene), and hybridized for 4 hr at 37 C. Preparations were washed The meiotic telomere complex, TERB1/2-MAJIN, is sequestered to the inner nuclear membrane (INM) by the transmembrane DNA-binding protein MAJIN (meiotic entry). The priming telomere attachment is achieved via the formation of the chimeric complex, TRF1-TERB1/2-MAJIN, initially at telomeres located stochastically at the nuclear periphery. The downstream accumulation of SUN1-KASH5 to the telomere attachment site triggers the incipient chromosome movement by linking telomeres to the microtubule cables surrounding the cytoplasmic surface of the outer nuclear membrane (ONM) and its associated dyneindynactin motors. The incipient chromosome movement further facilitates telomere attachment by producing liquidity within the nucleus (early prophase). In mid prophase, the shelterin complex, including TRF1, is removed from the membrane-anchored telomeres dependent on the CDK activity and direct DNA-membrane interaction mediated by MAJIN (telomere cap exchange).
sequentially in 50% formamide/0.53 SSC (twice) and 13 SSC (twice) at 42 C for 5 min each time. The preparations were co-labeled with antibodies.
Statistical Analysis
Kruskal-Wallis one-way ANOVA with Bonferroni's multiple comparisons test was performed in Figure 3G and Student's t tests were performed in Figures  4G, 5G , 5H, and 6C using GraphPad Prism version 5.0d (GraphPad Software). Statistical analyses were performed for technical variability (n = 3 experiments) otherwise indicated.
ACCESSION NUMBERS
The accession numbers for the Murine MAJIN, human MAJIN, and Murine TERB2 reported in this paper are NCBI: LC068586, LC068587, and LC068588. 
SUPPLEMENTAL INFORMATION
